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ABSTRACT

This paper summarizes studies to determine the stability of water-in-oil

emulsions resulting from asphaltene or resin content and viscosity stabilization.

These studies have confirmed that the stability of emulsions can be grouped
into three categories: stable, unstable and meso-stable. Water can also reside in oil as

“entrained water’, in which larger droplets of water are temporarily suspended by
viscous forces. These have been distinguished by physical measures as well as visual
differences. The viscosity of a stable emulsion at a shear rate of one reciprocal
second, s at about three orders-of-magnitude greater than that of the starting oil. An
unstable emulsion usually has a viscosity no more than about 20 times greater than
that of the starting oil. A stable emulsion has a significant elasticity, whereas an
unstable emulsion does not. A meso-stable emulsion has properties between stable
and unstable, however breaks down after a few days of standing. The usual situation
is that emulsions are obviously either stable, meso-stable or unstable. Entrained
water, water suspended in oil by viscous forces alone, is also evident. Very few
emulsions have questionable stability. Analytical techniques were developed to test
these observations.

Studies in the past four years have shown that a class of ‘very stable'
emulsions exists, characterized by their persistence over several days to years. These
stable emulsions actually undergo an increase in viscosity over time. Monitoring of
all water-in-oil states resulting from oil/water mixtures prepared in this study, has
been performed for at least one week. This shows that meso-stable emulsions,
unstable emulsions and entrained water states clearly separate into oil and water
layers. Stable emulsions increase in apparent viscosity and elasticity.

The stability of emulsions has been studied by examining the asphaltene and
resin content and secondarily, the visco-elastic properties of eighty-two oils. Results

are reported which show that these factors are responsible for the stability regimes
noted.

1.0 Introduction

The most important characteristic of a water-in-oil emulsion is its “stability”.
The reason for this importance is that one must first characterize an emulsion as
stable (or unstable) before one can characterize the properties. Properties change very



significantly for each type of emulsion. Until recently, emulsion stability has not been
defined (Fingas et al. 1995). Therefore, studies were difficult because the end points
of analysis were not defined. This paper will describe stability of water-in-oil
emulsions and define characteristics of different stability classes. Four ‘states’ that
water can exist in oil will be described. These include: stable emulsions, meso-stable
emulsions, unstable emulsions (or simply water and oil} and entrained water. These
four ‘states’ are discriminated by visual appearance as well as by rheological -
measures.

Studies in the past three years have shown that a class of very ‘stable’
emulsions exists, characterized by their persistence over several months. These
stable emulsions actually undergo an increase in viscosity over time. Monitoring of
these emulsions has been performed for as long as 3 years in the laboratory.
"Unstable' emulsions do not show this viscosity increase and their viscosity is less
than about 20 times greater than the starting oil. The viscosity increase for stable
emulsions is at least three orders-of-magnitude greater than the starting oil. The
present authors have studied emulsions for many years (Bobra et al. 1992; Fingas et
al., 1993, 1994, 1995, 1996, 1997). The last three of these references describes
studies to define stability. The findings of these studies are summarized here. It was
concluded both on the basis of the literature and experimental evidence above, that
certain emulsions can be classed as stable. Some (if not all or many} stable
emulsions increase in apparent viscosity with time (ie. their elasticity increases). The
stability derives from the strong visco-elastic interface caused by asphaltenes,
perhaps along with resins. Increasing viscosity may be caused by increasing
alignment of asphaltenes at the oil-water interface.

Mesostable emulsions are emulsions that have properties between stable and
unstable emulsions (really oil/water mixtures) (Fingas ef al. 1995). It was suspected
that mesostable emulsions lack sufficient asphaltenes to render them completely
stable or still contain too many de-stabilizing materials such as smaller aromatics.
Further light is shed on their stability in this paper. The viscosity of the oil may be
high enough to stabilize some water droplets for a period of time. Mesostable
emulsions may degrade to form layers of oil and stable emulsions. Mesostable
emulsions can be red in appearance or black. Mesostable emulsions are probably the
most commonly-formed emulsions in the field.

Unstable emulsions are those that decompose (largely) to water and oil
rapidly after mixing, generally within a few hours. Some water (usually less than
about 10%) may be retained by the oil, especially if the oil is viscous.

The most important measurements to characterize emulsions are forced
oscillation rheometry studies. The presence of significant elasticity clearly defines
whether or not a stable emulsion has been formed. The viscosity by itself can be an
indicator (not necessarily conclusive, unless one is fully certain of the starting oil
viscosity) of the stability of the emulsion. Colour is an indicator, but may not be
definitive. This laboratory’s experience is that all stable emulsions were reddish.
Some meso-cmulsions had a reddish colour and unstable emulsions were always the
colour of the starting oil. Water content is not an indicator of stability and is error-
prone because of ‘excess’ water that may be present. It should be noted however that
stable emulsions have water contents greater than 70% and that unstable emulsions or
entrained water-in-oil generally have water contents less than 50%. Water content



after a period of about one week is found to be more reliable than immediate water
content. This is because separation will occur in those emulsions that are less stable.

This groups’s findings are parallelled by other researchers in the literature.
Sjéblom and fellow researchers at the University of Bergen have conducted many
studies on emulsions and have defined different stability classes based on dielectric
properties (Sjéblom and Ferdedal, 1996; Ferdedal et al. 1996a, 1996b; Ferdedal and
Sjéblom, 1996; Dukhin and Sjéblom, 1996). This group has also noted that more
stable emulistons result from higher asphaltene contents and that resins appear to
make less stable emulsions than do asphaltenes. Several recent papers have reported
on results confirming that asphaltenes are largely responsible for emulsion stability
(do Carmo Marques et al. 1997; Friberg and Yang, 1996; McLean and Kilpatrick,
1997a, 1997b; Neumann and Paczynska-Lahme, 1996; Puskas et al. 1996). The role
of resins has been assigned as secondary, but essential. The consensus of the
literature is as follows:

1. stable and less-stable emulsions exist,

2. emulsion stability results from the viscoelastic films formed by asphaltenes

at the oil-water interface,

3. asphaltenes produce more rigid films than do resins,

4. stable emulsions might be classified by their dielectric and viscoelastic

properties,

5. water content does not appear to correlate direct with stability, however,

very low or very high water contents (<50 or >90%) are not correlated with

stable emulisions,

6. most researchers use visible phase separation to classify emulsions as

stable or not and most concede that this is not an optimal technique.

3.0 Experimental

Water-in-oil emulsions were made in a rotary agitator and then the rheometric
characteristics of these emulsions studied over time. Eighty-two oils were used. Oils
were taken from the storage facilities at the Emergencies Science Division.
Properties of these oils are given in standard references and will be summarized later
in this paper (Jokuty et al. 1996). '

Emulsion Formation - Emulsions were made in an end-over-end rotary mixer
(Associated Design). The apparatus was located in a temperature controlled cold
room at a constant 15 degrees Celsius. The mixing vessels were 2.2 L FLPE wide-
mouthed bottles (Nalge). The mixing vessels were approximately one-quarter full,
with 600 mL salt water (3.3% w/v NaCl) and 30 mL of the sample crude oil or
petroleum product. The vessels were mounted into the rotary mixer, and allowed to
stand for several hours (usually three) to thermally equilibrate. The vessels were then
rotated for a period of 12 hours at a rate of 55 RPM. The vessels are approximately
20 cm in height, providing a radius of rotation of about 10 cm. The resulting
emulsions were then collected into Fleaker jars, covered, and stored in the same 15
degree cold room. Analysis was performed on the day of collection, and again one
week later.

Rheology - The following apparatuses were used for rheological analysis:
Haake RS100 RheoStress rheometer, IBM-compatible PC with RheoStress RS Ver.
2.10 P software, 35 mm and 60 mam parallel plates with corresponding base plates,



clean air supply at 40 p.s.i., and a circulating bath maintained at 15.0 degrees Celsius.
Analysis was performed on a sample spread onto the base plate and raised to 2.00
mm from the measuring plate, with the excess removed using a teflon spatuia. This
was left for 15 minutes to thermally equilibrate at 15 degrees Celstus.

Forced Oscillation - A stress sweep at a frequency of 1 reciprocal second was
performed first to determine the linear viscoelastic range (stress independent region)
for frequency analysis. This also provides values for the complex modulus, the
elasticity and viscosity moduli, the low shear dynamic viscosity, and the tan(d) value.
A frequency sweep was then performed at a stress value within the linear viscoelastic
range, ranging from 0.04 to 40 Hz. This provides the data for analysis to determine
the constants of the Ostwald-de-Waele equation for the emulsion.

Viscosities - The apparent dynamic viscosity was determined on the plate-
plate apparatus as well, and corrected for their non-Newtonian behaviour using the
Weissenberg equation. A shear rate of 1 reciprocal second was employed for a
period of one minute, without ramping.

Water Content - A Metrohm 701 KF Titrino Karl-Fischer volumettic titrator
and Metrohm 703 Ti Stand were used. The reagent was Aquastar Comp 5 and the
solvent, 1:1:2 Methanol:Chloroform:Toluene. The specific method used was as
follows: standardize the titre and blank the solvent. Stir the sample emulsion to get a
relatively homogeneous mixture. Fill a 1 mL plastic syringe with emulsion, trying to
avoid free water pockets present in the sample. Eject all but 0.1 mL; this should
remove most of the free water from the more viscous emulsion. Weigh the sample
syringe and inject into the reaction vessel, being careful the sample goes into the
solution and not onto the vessel walls. Reweigh the syringe and enter the difference
into the titrator. Initiate titration. Weight percentage of water is displayed.

4.0  Results and Discussion

The rheological data are given in Table 1. The second column of the table is
the evaporation state of the oil in mass percent lost. The third column is the
assessment of the stability of the emulsion based on both visual appearance and
rheological properties. The power law constants, k and n, are given next. These are
parameters from the Ostwald de Waele equation which describes the Newtonian (or
non-Newtonian) characteristics of the material. The viscosity of the emulsion is next
and in column 7, the complex modulus which is the vector sum of the viscosity and
elasticity. Column 8 lists the elasticity modulus and column 9, the viscosity modulus.
In column 10, the isolated, low-shear viscosity is given. This is the viscosity of
emulsion at very low shear rate. In column 9 the tan delta, the ratio of the viscosity to
the elasticity component, is given. Finally, the water content of the emulsion is
presented.

Observations were made on the appearance of the emulsions and were used to
classify the emulsions. All of the stable emulsions appeared to be stable and
remained intact over seven days in the laboratory. All of the meso-stable emulsions
broke after a few days into water, free oil and emulsion. The time for these emulsions
to break down varies from about 1 to 3 days. The emulsion portion of these broak-
down emulsions appears to be somewhat stable, although separate studies on this
portion has not been performed because of the difficulty in separating these portions
from the oil and water. All entrained water appeared to have larger suspended water



Table 1 Rheological Data on the Emulsions Produced from the Oils
Day of Formation One Week After Formation
Isclated aolated
Complex Elasbeity Viscoslly Lowsiene tAN Water Complex Eisaicty Viecosity Lowshear 181 Watar
Qil %  Visual Power LawConelanls Viscosty Modulus Modulus Modukus Viscosky delta C Law Conelaots Viscouty Module Moduks Modulus Viscosly delta Contant
evap. Stability K n__{mPas) {wPa) (mPs) (mPe) (mPas) (VIE) (S%wiw} K n___(mPas) (mPa) (mPa)  (mPe) (mPas) (V/E)

Arabian Light 0 Siabla  4.044E404 0.0813 235404 ATEH05 ATEDS GOE+04 BO0Ee04 0.11 87,42 3537€404 0.0080 2,3E+04 40EHIS 4AE+05 4.0E+04 8IE+04 0.14 86.93
Arabian Light 12.04 Stable S.0MEH4 0.0450 4BEH4 £.0E405 406505 ATE#04 60804 0,10 8885 35065404 0.000 3.1E+04 20E405 208405 2TG+04 42E+04 0.13 85,82
Arablan Light 24.20 Stabla  8.500E+04 0.0785 4BE+04 5.1E+05 SOES0S EYEW0S 265404 0,11 BAT1 S.091E+04 0.123 43E+4 J.6E+05 3.5E+05 T.OE404 1.1E+04 0.20 8362
Arablan Medium O Stable 2.907E+04 0.0764 S.3E+04 5.5ES 53405 5.26404 2E+4 0.00 B4.68 B.828E+04 0.0044 S5E+04 G.60405 77E+05 T.OE+04 12E+0¢ 0.5% B4.36
Arahian Modium 1315 Stable 1.670E+04 0.5680 22E+04 1.5E+05 1.9E+05 1.06405 10E+04 0,60 TH.52 2.063E+04 04521 2AE+04 2.IE405 1AE+0S 126405 1.06+04 0.64 77.06
Arabian Medwm 2077 Stable 9727603 0.8340 225404 TAEDA 2404 TG4 JASHM 2.8 TIAG L1704 08120 ZIEH4 106905 SOE+04 D.2E+04 15E+04 1.8 7286
Argblan Medium 30,93 Stable 2.565E404 0.6082 5.0E+04 19405 1.06305 1.7E+05 20644 1.7 84,02 BISTECM D442 BAE+04 40EVDS A26+05 2IE+05 3AE+04 0.70 85.60
Belridge Heavy 0 Entrained 24526404 0.7025 4.5E+04 14E+05 T.8E+00 1.1E+05 20E+04 1.5 5423 2.633E+04 0.6008 54E408 18G5 0.2E404 126405 226404 1.6 44.30
Beiridge Heavy 2.74 Entrainod 2658404 0.6235 526404 20E+05 1.1E+05 18E+05 25E+04 1.4 59.55 2770E+04 08374 B2GK4 1.8E+05 1.0E405 14E05 24E404 14 45.19
Bunker € (Anchacage) O Entrained 1.504E+0¢ 0.0035 28E+04 1.3E+05 40E+04 126405 1OE+O4 2.8 34,74 19036404 08567 15E+05 1AEHDS 326404 138405 21E+4 4.0 30.96
Bunker C (Anchorage) 841 No 583
Bunker ¢ (1987 0 Entrained 2350405 04204 11E+05 725405 4.5E+05 86E+D5 8.8E+04 1.3 2644 9.518E+04 0834 14E+05 G.5E+05 6IEHS SBE+0S BAE4 1.0 24.02
Carpanteda o No 873
Carpanioda 1031 Meso  1.077E404 08232 23E04 736404 4TEHM SBEDS DOE03 12 71.80 4.815C403 00785 235404 20E+¢ 32E+01 28E+04 538403 12 28.18
Carpeateda T4.87  MesSo  CA3ME+O4 D460 J4EHDS 135405 S2E+04 ROE-4 165404 1.2 5426 0.73E+0D 06645 2.1E+04 295405 20E+05 1.56405 23E+0¢ 0.57 30.87
Cosl Q4 Point Seep Sample O "Same  1.828E+05 0.7472 RAEHDS 1.25+00 SIE+05 1.1E+00 1.7E4M 1.8 32,15 2487E+05 07201 4.0B+05 156408 67E+05 14EH6 67E+s 2.0 39.24
Cook Iniet - Graoits Point O No <1
Cook it -Granfte Point - 45.32  Moeso  1.8835401 0,003 DAEHS 3AEHS B3E405 116405 1.8EHM (.30 83.05 7.T2SE+0 0.1401 BSEHI3 265405 26E+05 T4E4 126+0¢ 0,30 57.58
ook Infet - Swacson River  © Meso  0.57BE+02 0.6860 ZAEH03 1.0E+04 09E+0) 7.7E+403 126408 0.80 75.85 4.370E+02 DA120 1.8E403 27E404 22E+04 176404 285+ 080 57.50
Cook Infat - Swanson River 39.6G  Stabla  5.014E+04 0.1824 1.0E+04 296405 2AE405 ABE+D4 14E+04 0.30 8148 130IE+05 0271 185405 S2E+05 TAEH05 DAE+5 528404 043 80.76
Cook Inkat - Trading Bay o Meso 80.63 1.89
Cook Inlet - Trading Bay ~ 33.3¢  Meso  9.508E+04 0.1852 A55+04 45E0S 435405 14E+05 236404 0,34 7622 1.981E+D5 0.5001 LIE+04 5IE+05 4.0E+5 15E+05 28E+04 027 6143
CHesel (Anchorage) 0 No <1
Dissal (Anchorage) 3744  No <1
Diesel (Mobila Bum X3} 0 No <1
Diesel (Wotll Bum #3821 No <1
Diaesl (Moblla Bum #3)  16.32  No <1
Dos Cuadras 0 No 12,57
Dot Cuadras 1117 Mesa  6.570E+02 1.0000 B.0E+02 3.4E+03 T3IEC03 338403 505402 2.5 47,60 5203402 1.0000 53E+02 46E+03 16E+03 4.2E+03 TOE+02 3.0 2040
Dos Cuadras 20,30 Meso  5.63E+03 05778 DAEHIZ 306404 ZIE+04 226404 JBE03 1.0 BB.55 21456403 10000 195400 1.7E+D4 JOEWE 136404 Z1E403 42 2872
Hondo 0 Stable 1.612E405 01707 1.1E«05 0.2E405 9.1E<5 228405 365404 0.24 80,93 1.685E405 0.1825 1.7E+05 SHEHS 8.3E+05 2.56+05 426406 0,32 79.96
Hando 1667 Stable 2.244E+08 02670 1.9E+05 136068 1.1EXDS 5.3E405 8.4E+04 045 B6.20 15376405 0.57S3 28E+05 BAE+DS 0.25+05 6.1E+05 0.0E+04 0,95 B4.23
Honco 3228 Ne 5,24
Jat Fuel (Anchoraga) Q Ne <1
Jet Fuel (Anchoraga) 5272 Ne <1
North Siope (s fou) ] Ne <1
Noith Slopt prsserpeted 3054 Meso 59756403 0.7398 6.8E403 126405 1.06405 4.8E+04 765403 052 £1.92 14116403 0.664¢ 18E+03 11E+04 1.35+03 LIEWM 176403 BA 2176
North Skops twcse Prostoa) 0 No 1.00
North: Slops pioharPoetnel 31,14 MoSQ  3757E+03 09195 266403 1.1E+405 R.05+04 47E+04 TAEHD 0.50 59.82 1.803E+03 08623 17E+03 6.30+03 226403 ROEX3 156403 4.2 15.00
Worth Slope Soumen Poray 1 No =<1
North Slope (Sasrampominal 29.62  Mesc  0.081E+04 0.1207 B7E+03 1.95+05 1.7E+05 8.1E+D4 135404 0.46 53,47 2588400 1001 226+03 205404 7TESD 13E+04 28E+02 2.2 21.14
Pitas Point 4] No <1
Pilas Point 235  No <1
Platform Irena 0 Entrained 2.2015405 0.8272 3.0E+05 T4E+08 78EH05 125405 196405 §.52 6222 274405 DEE5 SAE+DS 33E+06 2.1E+08 2.56+06 4.0E+05 1,20 34.84
Point Arguaiia Comingled [+ Stable 1.766E+05 0.1822 1.8E405 7.BEHCS T.2E+05 126405 5.06+04 0.43 8231 14935405 0.2883 1.BEH05 (IED6 1.0€408 41E40S GAE+04 026 82.19
Point Aguello Cominglad 9,05 Stable  1.838€+05 02176 1.56+05 8.5E405 7.06+05 J0E+05 4.7E+04 0.38 BY.O2 1.85:E+05 0.3100 1.56405 B2E+05 ATE+05 A3E+05 TOE+4 095 £69.41
Point Arguetilo Comingled  15.46 Entrained 84716404 0.7206 14E+05 B.1EH5 276405 5.56+05 STE+04 2.0 30.15 B.21E+D4 0762 1.8E+05 BOE+DS 3.56405 TOEHS 51E+05 2.10 28.42
Point Argueilo Comingled 22,52 No 4.96
Puoint Arguelio Hoavy 0 Stable  7.554E+04 04375 1.5E+05 406405 406405 20E+05 456404 0.71 T72.95 8707E+04 04322 1BE+05 T2E405 5.BE+05 3BE+05 BEE+4 0.72 74.07
Paint Arguetio Heavy t7.78  No <1
Priat Arguatio Light 0 Stable B5.088E+04 0.0670 6.7E+04 8.5E+05 B4E+05 6.8E+04 106404 0.11 D3.14 V.6TIES04 0.0581 9.8E504 BIE+DS G2E+05 14E+05 226+04 0.17 D379
Paitt Argusiio Light 10.19  Stable 4.891E+05 0.0281 2.3E+05 33E+08 335406 1.7E+05 28E+04 0.05 S83.84 4.567E+05 0.0072 2.5E405 2.8E+08 RUE+00 33E+05 S26+04 012 B7.78
Poiat Ao Light 19.04 Stable 502062:05 0.0402 2.7E+05 34E+D8 345408 286405 436+04 0,08 5550 50545405 0.0579 3.1E+05 J.5E+08 3.0E+00 42E+05 726+04 0.13 8563
Poiat Arguako Light 28.33 Slable 1.500E+05 0.1635 1.4E+05 9.02+05 T.6E405 2.5C%05 4.06+04 0,26 79.80 1.9206+05 01723 1.6E+05 1.5E408 14E+00 42E+05 68G+4 024 75.89
Port Hueneme 0 Entrained 9.3605+03 07860 1.8E+04 SAE+04 ZAE+04 B.IEH04 B.8E+03 2.8 37.97 72535400 00633 G.HE+03 A3E+04 4BE+03 416404 BOE403 9.4 20.06
Port Hueneme 3.14 Entrained 2484E404 0.6239 4.8E+04 T7E405 8ZE404 156405 236404 1,7 45,33 1.010E+04 08710 Z7E+4 13E+05 21E+04 126405 20E+04 5.7 2020
Port Huename 6.37 Entrained 30058404 0847 LIE+04 2TE4DS 148405 23405 28E+04 1,7 43.37 34300404 08070 SAE+D4 ZBEHDS BAE+04 24E+05 4044 3.9 26.42
Santa Claca ] Meso  731SE+02 0.9272 2.5E+04 1.BED4 226403 18G4 2UE+03 6.5 G063 21256403 05600 2BE+03 206+04 1.7E04 Z4E404 36E+03 14 1275
Santa Clara 1140 Moso  9441E+D4 0.1924 2.06+04 T.OR05 656405 106405 156404 0.15 5043 1.087E+05 0.189 15E+04 7.5E+04 20E+04 TIE+D4 1.9E+04 3.5 3872
Santa Clara 2163 MoSO  SA40E+04 08864 1.0E+05 JBEHS 206405 256405 ATEXDE 14 30.99 57MME+4 0675 DIE+O4 37E+5 206405 136405 505404 165 £0.15
Sockeye 0 Stabla 10756408 0.0482 BSE+05 GAEHIG B3E+00 4.0E+05 02E+04 0.06 B7.12 B.508E+05 00544 BOE+D5 4.E+06 1.0E+06 2.4E+05 BIE+HH 0.5 B6.87
Sockeye 12.50 Stable 1.605E+05 0.5873 1.TE+S 9.3E+05 A.0E+05 24E+05 39E+04 027 80.05 1.808E+05 0.1871 22E+05 1.1E+08 435406 4.9E+05 506404 (.37 74.35
Sockeys 22,10 Stabla 23606405 0.1580 2.6E+06 14E+06 1.3E+08 30E+05 DAE+04 0.30 77.94 2.306E405 0.1948 39E+05 1.5E408 1.4E+06 505405 7.88+04 0.35 70.39
Sumatran Heavy Q No 20.57 12,73
Sumatran Heavy 526 No 235
Sumatran Light 0 No 1254 11.20
Taching 0 No 353
Takula 4 Stable 25738405 0.9083 8.5C+04 1E408 1.1E408 56E:05 25Eed+ 0,14 86,40 18005435 0137 12E+05 1.26+06 12E+08 21E+05 2IE+04 0,95 84.16
Takuta 8.31 Stable 1.396E405 0.9855 1.1E+05 (.1E+08 1.0E+08 2.1E+05 3.0E+04 Q.21 B82.21 1.520E+05 01744 1.3E+05 1.26+00 1.1E+06 23E+05 368404 0.20 81.08
Takuia 15.83 Stable 14026405 0.5852 1.55+05 1,1E+08 1,1E+00 2.5E405 4.0E+04 0.23 7558 1.677E+05 01761 1.7E605 12E+06 126406 2.88+405 445+ 0.24 7383
Tapls Q No 15.87 906
Tapis 13890 Ne 22.68 2003
Tapie 2562 Ne 9.02
Tapis. 43.43 Ne 7.75
Udang 0 Entrained 1.921E+(4 0.7288 32E+04 1.3E+05 SBE+04 1.1E+05 1.8E+04 2.0 37.05 19.65
Waxy Light Heavy Blend 1] Ne 4.1
Waxy Light Heavy Biends 12,00 Entrained 4.0286+04 07738 0.0E+03 5.1E+04 1.0EH4 J.0E+M 48E+03 2.8 33.97 2763E+03 0919 ITE«03 1.5E+04 245403 156404 ZAE+d 6.2 12.21
Waxy Light Hewvy Blend.  19.60  Maso 27546504 0.6687 45E+04 1.06+06 $.8E+04 1BE+0S 27E+04 1.7 34,65 1BB4E+04 0700 ITE+D4 1.1E«0S SIEHM 106405 1.86+0¢ 2.1 3358

HM = not medsurable
* Staring sample i AN omuiion ialf



droplets. The appearance of non-stable water in oil was just that, the oil appeared to
be unchanged and a water layer was clearly visible.

Table 2 provides the data on the oil properties as well as a new parameter
called “stability’ which is the complex modulus divided by the viscosity of the
starting oil. It is noted from this table that this parameter correlates quite well with
the assigned behaviour of the oils. High stability parameters imply stable emulsions
and low ones imply unstable emulsions.

The ‘stability’ parameter was used to study the correlations between the
properties of the oil and the stability of the resulting emulsion. The correlations are
summarized in Table 3 which shows the regression coefficient (%) correlations of
stability with the starting oil properties. The regression coefficients were calculated
using the program TableCurve (Jandel Scientific, San Rafael, California). The
regression coefficients are taken from the highest consistent value of the simple
curves fit to a given set of data. Table 3 shows that the correlations vary with each
type of emulsion. For all the emulsions and oil in water situations, none of the
parameters correlates well with stability, except for the final water content of the
emulsion. This is because the less stable emulsions have little water content. It
should also be noted that this is not a starting oil property. For stable emulsions,
there is only a slight correlation with density and saturates. For meso-stable
emulsions, there is a relatively good correlation with density, viscosity, resins,
saturates and aromatics. This may indicate that these emulsions are temporarily
stabilized by a combination of viscous forces and resin stabilization. Entrained water
stability correlates best with density, aromatics, viscosity, and resin content. This
indicates that these may be dominated most by viscous forces. Finally, in the case of
unstable emulsions, no parameter correlates well. This appears to confirm the
findings that none of the stabilization forces noted are operative.

It is important to recognize that there may be a strong interaction between
parameters. To check for this, the program TableCurve 3D (Jandel Scientific, San
Rafael, California) was used to correlate 3 parameters simultaneously. Results of this
are shown in Table 4. Again, only the consistently highest regression coefficient (1
was taken. This table shows that several two-way interactions exists. For all water-
in-oil forms, there is no significant correlation between the parameters tested. For
stable emulsions, there is a strong correlation between stability and viscosity and
asphaltenes. This did not show on a two-way parameter correlation, presumably
because of the interaction between parameters. The correlation is also illustrated in
Figure 1. The best correlation for meso-stable emulsions is that of stability with
resins and viscosity, followed very closely by correlations of stability, viscosity with
asphaltenes, aromatics and density. The correlation of stability with viscosity and
resins for mesostable emulsions is illustrated in Figure 2. The stability of entrained
water correlates best with aromatics and density. This correlation is illustrated in
Figure 3. Similarly, unstable emulsion ‘stability’ correlates highly with aromatics and
density along with the viscosity. The correlation of unstable emulsions is illustrated
in Figure 4.

In all four figures, sharply-defined regions of stability are noted. It is also
noted that different forces are evident on the basis of these correlations. For stable
emulsions there appears to be a region where viscosity, asphaltenes and resins
interact to form a stable emulsion. This is similar in meso-stable emulsions except
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that the importance of asphaltenes and resins are reversed. There is a region defined
for entrained water on the basis of aromatic content and density. Similarly for
unstable emulsions this is also defined by aromatics and density. This confirms
previous findings that stable emulsions are the result of stabilization by asphaltenes
and to a secondary extent by viscous retention. Resins are only partially responsible
and in-fact if the resin/asphaltene ratio rises, the result appears to be a meso-stable
emulsion. Meso-stable emulsions are largely the result of resin and viscosity
stabilization. Asphaltenes play a secondary role. It is interesting to note that there is
a viscosity ‘window’ for both stable and meso-stable emulsions. Very high viscosity
oils do not appear to make either stable or meso-stable emulsions.

It was noted that a stability index calculated by dividing the complex modulus
of the emulsion (or remains) after one week divided by the starting oil viscosity,
correlates very well to the assignment of the stability class. The stability parameter
was correlated with other parameters that might be used as indicators of stability.
The results are shown in Table 5. It can be seen from this table that the correlation
varies with the type of emulsion or water-in-oil state considered. For all types, there
is only a moderate correlation with the water content. It should be noted that this
would be expected since the correlation is with the 7-day old sample, and all but
stable emulsions have lost a significant amount of their water. There is also a
moderate correlation of the Ostwald de Waele equation parameters, which indicate
non-Newtonian behaviour in the case of both stable and unstable emulsions and
Newtonian behaviour in the case of the entrained water. The entrained water class
shows a high correlation with the low-shear viscosity indicating that these are largely
viscosity-stabilized. Given the high correlation of the ‘stability’ index with the
assigned properties of the emulsion, there does not appear to be other rheological
parameters which can discriminate to the same extent. This is largely a result of the
fact that the other parameters are generally relevant to specific water-in-oil classes
and none other than the stability covers all 4 classes.

Ternary diagrams of the aromatic, resin and asphaltene components of the
four classes of water-in-oil states discussed here, are shown in Figures 5 to 8. These
diagrams show that there is overlapping regions for composition of all four types.
Unfortunately, a simple compositional analysis will not discriminate between those
oils that form emulsions and those that do not. This again indicates that there is a
complex interaction between components and the viscosity (and perhaps density) of
the oil.

Table 6 shows the differences in the starting oil properties and the final states
after one week. This shows that the factor defined as emulsion stability is capable of
discriminating among the various states of water-in-oil studied here. Although there
are overlapping ranges, the differences are generally sufficient to act as a single-value
discriminator. It is noted that there are different viscosity ranges for the different
states. This shows that viscous forces are responsible for part of the stability, but that
after viscosity of the starting oil rises to a given point, about 20,000 mPa.s, that
meso-stable or stable emulsions are no longer produced. This may also explain two
outstanding mysteries, that of why Bunker C generally does not form emulsions and
why stable emulsions are not commonly seen in actual spills. Bunker C, especially
after a short period of weathering, has viscosity too great to form either stable or
meso-stable emulsions. Further, if the viscosity of formation is too great, perhaps the
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weathering of an emulsion will increase its viscosity past a certain point and then de-
stabilization may occur.

Table 6 also shows that the deviation from Newtonian behaviour (as shown
by the power law constants) is greatest for the stable emulsions and secondly for
meso-stable emulsions and almost no deviation noted for the entrained and unstable
cases. This is the result of a high elastic component to the viscosity, as evidenced by
the elastic modulus and tan delta for the stable emulsions and slightly for the meso-
stable emulsions. The water content, as would be expected, correlates very highly
with the state after one week. This is accentuated by the fact that meso-stable and
entrained water-in-oil have separated to a significant degree after this time.

Table 7 shows the properties of the water-in-oil states studied here. This
shows that the starting oil properties differ somewhat for oils that form the various
states. The oil properties for stable and meso stable are similar. These are oils of
medium viscosity that contain a significant amount of resins and asphaltenes. Meso-
stable emulsions may form from oils that have higher or lower viscosities than those
that might form stable emulsions. Stable emulsions are more likely to form from
those oils having more asphaltenes than resins. Entrained water is likely to form
from more viscous oils with relatively high densities. Oils of very high or very low
viscosities (and densities) are unlikely to uptake water in any form. These oils
typically have no (associated with low viscosity and density) asphaltenes or resins, or
very high amounts of these.

Table 7 also shows that the differences between the four water-in-oil states is
readily discernible by appearance and rheological properties. The reddish or brown
colour on formation indicates either a stable or meso-stable emulsion, however,
stable emulsions always have a more solid appearance. The increase in apparent
viscosity (from the starting oil) on formation averages about 1,100 for a stable
emulsion, 45 for a meso-stable emulsion, 13 for entrained water-in-oil and unstable
show little or no increase. This difference increases after one week. The increase in
apparent viscosity after one week averages about 1,500 for a stable emulsion, 30 for a
meso-stable emulsion, 3 for entrained water-in-oil and unstable show little or no
increase. It is noted that apparent viscosity does not decrease after one-week for
stable emulsions only.

There are several other features noted in the summary data presented in Table
7. An examination of the wax content shows that wax content has no relation to the
formation of any of these states. There may be some correlation to viscosity but the
specific wax content is not associated with the formation of any state. It is noted that
density is associated with the viscosity and somewhat to the state. It is also noted that
the water content correlates somewhat with the state. The average water content of
stable emulsions is 80 % on the day of formation, of meso-stable - 62, of entrained -
42 and 5 for unstable. One must be cautious on using this as a sole discriminator
because of over-lapping ranges. The water content after one week, as would be
expected, correlates very highly with the state. This, as was noted above, is
accentuated by the fact that meso-stable and entrained water-in-oil have separated to
a significant degree.

These data indicate that there are ‘windows’ of composition and viscosity
which results in the formation of each of the types of water-in-oil states. The
important composition factors are the asphaltene and resin contents. Asphaltenes are
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responsible for the formation of stable emulsions, however, a high asphaltene content
can also result in a high viscosity, one that is above the region where stable emulsions
form. The asphaltene/resin ratio is generally higher for stable emulsions. In a
previous work by the present author, it was shown that the migration rate of
asphaltenes in emulsions is very slow (Fingas et al. 1996). This indicates that in very
viscous oils, the migration of asphaltenes may be too slow to allow for the
stabilization of emulsions.

5.0 Conclusions

Four, clearly-defined states of water-in-oil have been shown to be defined by
a number of measurements and by their visual appearance, both on the day of
formation and one week later. The difference between these states and the oils that
form them are summarized in Table 8.

Table 8 Typical Properties for the Water-in-Oil States
Stable Meso Entrained Unstable
Day of Formation Appearance brown solid brown viscous liquid  black with targe droplets like oil
Water Content on firstday % 80 62 42 5
Appearance after one week brown salid broken, 2 or 3 phases separated oil and water like ofl
Water Content after week % 79 38 15 2
Stable time days >30 <3 <0.5 not
Starting Oil
Density gm.  0.85-0.97 0.84-0.98 0.97-0.99 0.8-1.03
Viscosity (mPas) 15-10000 6-23000 2000-60000 2-51 X108
Saturates % 25-65 25-65 19-32 23-80
Aromatics % 20-55 2540 30-55 5-12
Resins % 5-30 6-30 156-30 0-32
Asphaltenes % 3-20 317 3-22 0-32
Asphaltenes/Resins 0.74 0.47 0.62 0.45
Properties on day of formation _
Average Ratio of Viscosity Increase 1100 45 13 1
Properties after one Week
Average Ratio of Viscosity Increase 1500 30 2 1

The results of this study indicate that the formation of both stable and meso-
stable emulsions is due to the combination of surface-active forces from resins and
asphaltenes and from viscous forces. There exists a range of compositions and
viscosities in which each type of water-in-oil state exist. The difference in
composition between stable and meso-stable emulsions is small. Stable emulsions
have more asphaltenes and less resins and have a narrow viscosity window.
Instability results when the oil has a high viscosity (over about 50,000 mPa.s) ora
very low viscosity (under about 6 mPa.s) and when the resins and asphaltenes are less
than about 3%. Water entrainment occurs rather than emulsion formation when the
viscosity is between about 2000 and about 50,000 mPa.s. The formation of stable or
meso-stable emulsions may not occur in highly viscous oils because the migration of
asphaltenes (and resins) is too slow to permit droplet stabilization. _

The role of other components is still unclear at this time. Aromatics dissolve
asphaltenes and there is a small correlation observed with the stabilities. Waxes have
no role in emulsion formation. Density of the starting oil is highly correlated with
viscosity and thus shows a correlation with stability.




The state of the final water-in-oil can be correlated with the single parameter
of the complex modulus divided by the starting oil viscosity. This stability parameter
also correlates somewhat with the non-Newtonian behaviour of the resulting water-
in-oil mixture, with the elasticity of the emulsion and also the water content. These
properties are more decisive in defining the state one-week after formation. This is
because all states have largely separated into oil and water except for stable
emulsions. The water content retained one-week after the formation process is a very
clear discriminator of state. '
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